Caenorhabditis elegans is associated in nature with a species-rich, distinct microbiota, which was characterized only recently [1] . Thus, our understanding of the relevance of the microbiota for nematode fitness is still at its infancy. One major benefit that the intestinal microbiota can provide to its host is protection against pathogen infection [2] . However, the specific strains conferring the protection and the underlying mechanisms of microbiotamediated protection are often unclear [3] . Here, we identify natural C. elegans microbiota isolates that increase C. elegans resistance to pathogen infection. We show that isolates of the Pseudomonas fluorescens subgroup provide paramount protection from infection with the natural pathogen Bacillus thuringiensis through distinct mechanisms. We found that the P. lurida isolates MYb11 and MYb12 (members of the P. fluorescens subgroup) protect C. elegans against B. thuringiensis infection by directly inhibiting growth of the pathogen both in vitro and in vivo. Using genomic and biochemical analyses, we further demonstrate that MYb11 and MYb12 produce massetolide E, a cyclic lipopeptide biosurfactant of the viscosin group [4, 5] , which is active against pathogenic B. thuringiensis. In contrast to MYb11 and MYb12, P. fluorescens MYb115-mediated protection involves increased resistance without inhibition of pathogen growth and most likely depends on indirect, host-mediated mechanisms. This work provides new insight into the functional significance of the C. elegans natural microbiota and expands our knowledge of bacteria-derived compounds that can influence pathogen colonization in the intestine of an animal. We found that worms on pathogenic BT247 showed a clear increase in population growth when infected in the presence of five microbiota isolates-all of the genus Pseudomonascompared to infected worms on E. coli OP50 ( Figure 1A ). Moreover, worms on the non-pathogenic BT407 also showed increased population growth in the presence of the Pseudomonas isolates ( Figure S1A ), indicating that these microbiota isolates also represent good growth environments for C. elegans under control conditions, confirming previous work [1] . We thus focused on the Pseudomonas microbiota isolates, which can be assigned to the following species based on complete 16S rRNA sequences: P. lurida MYb11, P. lurida MYb12, P. fluorescens MYb115, and P. lurida MYb193 (all of the P. fluorescens group), P. denitrificans MYb185 (P. pertucinogena group), and P. alkylphenolia MYb187 (P. putida group). We then asked if they also affect the fitness of the C. elegans reference laboratory strain N2. Indeed, BT247 infected N2 worms showed increased population growth in the presence of all six Pseudomonas isolates (MYb11, MYb12, MYb115, MYb185, MYb187, and MYb193), albeit statistically significant only for MYb115 ( Figure (A and B) Population size measured in the presence of pathogenic B. thuringiensis BT247 of (A) the natural C. elegans isolate MY316 on one of 13 microbiota isolates and (B) the laboratory N2 reference strain on one of six Pseudomonas isolates. The food bacterium E. coli OP50 was used as control. Three L4 larvae were picked onto the infection plates. Population size was assessed after 5 days at 20 C. The boxplots indicate the median, range, and upper and lower quartiles of the worm population data (n = 3 independent runs). Statistical analysis was performed using generalized linear model (GLM) [7] non-pathogenic BT407 also showed increased median population growth in the presence of four Pseudomonas isolates (Figure S1B ). This might point to differences in nutritional qualities between the different Pseudomonas isolates, which was previously suggested to underlie the ability of different bacteria to affect C. elegans physiological processes such as development, growth, aging, and longevity [11] . We considered that increased resistance to BT infection may contribute to the observed increased fitness of infected worms on natural microbiota isolates. We thus challenged C. elegans N2 worms on the respective Pseudomonas isolates with pathogenic BT247 at different concentrations and assessed survival 24 h post infection (p.i.) as proxy for resistance. We found that worms on all tested Pseudomonas isolates showed significantly increased survival when compared to infected worms on E. coli OP50 ( Figure 1C ). Taken together, these results show that C. elegans microbiota isolates of the genus Pseudomonas provide paramount protection from infection with B. thuringiensis MYBT247. In previous work, the Pseudomonas isolates MYb11, MYb187, and MYb193 have been reported to inhibit fungal growth in vitro [1] . Importantly, MYb11 protected the nematode from infection by the fungal pathogen Drechmeria coniospora also in vivo through a hitherto unknown mechanism [1]. Our work thus extends our knowledge on the protective effect of MYb11 to bacterial infection in the intestine.
SUMMARY
Caenorhabditis elegans is associated in nature with a species-rich, distinct microbiota, which was characterized only recently [1] . Thus, our understanding of the relevance of the microbiota for nematode fitness is still at its infancy. One major benefit that the intestinal microbiota can provide to its host is protection against pathogen infection [2] . However, the specific strains conferring the protection and the underlying mechanisms of microbiotamediated protection are often unclear [3] . Here, we identify natural C. elegans microbiota isolates that increase C. elegans resistance to pathogen infection. We show that isolates of the Pseudomonas fluorescens subgroup provide paramount protection from infection with the natural pathogen Bacillus thuringiensis through distinct mechanisms. We found that the P. lurida isolates MYb11 and MYb12 (members of the P. fluorescens subgroup) protect C. elegans against B. thuringiensis infection by directly inhibiting growth of the pathogen both in vitro and in vivo. Using genomic and biochemical analyses, we further demonstrate that MYb11 and MYb12 produce massetolide E, a cyclic lipopeptide biosurfactant of the viscosin group [4, 5] , which is active against pathogenic B. thuringiensis. In contrast to MYb11 and MYb12, P. fluorescens MYb115-mediated protection involves increased resistance without inhibition of pathogen growth and most likely depends on indirect, host-mediated mechanisms. This work provides new insight into the functional significance of the C. elegans natural microbiota and expands our knowledge of bacteria-derived compounds that can influence pathogen colonization in the intestine of an animal.
RESULTS AND DISCUSSION
Surprisingly little is known about the ecology of the model nematode Caenorhabditis elegans. The natural microbiota of C. elegans was characterized only recently [1] and its effects on worm fitness remain to be uncovered. Here, we systematically tested which members of the C. elegans microbiota protect the worm from infection with its natural pathogen, Bacillus thuringiensis. We selected 13 isolates that comprise the most abundant genera of the C. elegans natural core microbiome, namely Pseudomonas, Ochrobactrum, and Acinetobacter [6] , and that are able to enter and persist in the nematode gut [1] . First, we assessed population growth (as proxy for fitness) of the natural C. elegans isolate MY316, which was co-isolated with the microbiota isolates, 5 days after exposure to the nematicidal B. thuringiensis strains MYBT18247(BT247) mixed with the respective microbiota isolate or with the laboratory food bacterium Escherichia coli OP50 as control. The non-nematicidal B. thuringiensis strain BT407 served as non-pathogen control. We found that worms on pathogenic BT247 showed a clear increase in population growth when infected in the presence of five microbiota isolates-all of the genus Pseudomonascompared to infected worms on E. coli OP50 ( Figure 1A ). Moreover, worms on the non-pathogenic BT407 also showed increased population growth in the presence of the Pseudomonas isolates ( Figure S1A ), indicating that these microbiota isolates also represent good growth environments for C. elegans under control conditions, confirming previous work [1] . We thus focused on the Pseudomonas microbiota isolates, which can be assigned to the following species based on complete 16S rRNA sequences: P. lurida MYb11, P. lurida MYb12, P. fluorescens MYb115, and P. lurida MYb193 (all of the P. fluorescens group), P. denitrificans MYb185 (P. pertucinogena group), and P. alkylphenolia MYb187 (P. putida group). We then asked if they also affect the fitness of the C. elegans reference laboratory strain N2. Indeed, BT247 infected N2 worms showed increased population growth in the presence of all six Pseudomonas isolates (MYb11, MYb12, MYb115, MYb185, MYb187, and MYb193), albeit statistically significant only for MYb115 ( Figure 1B (A and B) Population size measured in the presence of pathogenic B. thuringiensis BT247 of (A) the natural C. elegans isolate MY316 on one of 13 microbiota isolates and (B) the laboratory N2 reference strain on one of six Pseudomonas isolates. The food bacterium E. coli OP50 was used as control. Three L4 larvae were picked onto the infection plates. Population size was assessed after 5 days at 20 C. The boxplots indicate the median, range, and upper and lower quartiles of the worm population data (n = 3 independent runs). Statistical analysis was performed using generalized linear model (GLM) [7] framework and the obtained p values were corrected using Bonferroni correction for multiple testing [8] .
(C and D) Survival of C. elegans N2 on different concentrations of pathogenic BT247 mixed with either (C) one of six living Pseudomonas isolates or (D) one of the three Pseudomonas isolates-MYb11, MYb12, and MYb115-alive (continuous lines) or heat killed (dashed lines). E. coli OP50 was used as control and the B. thuringiensis strain BT407 as non-pathogen control. Error bars represent the range of the median of survival proportions of four technical replicates (n = 4), representative of at least three independent runs. Statistical analyses were performed using GLM [7] framework and Bonferroni correction for multiple testing [8] with the OP50 control treatment group.
(legend continued on next page) non-pathogenic BT407 also showed increased median population growth in the presence of four Pseudomonas isolates (Figure S1B ). This might point to differences in nutritional qualities between the different Pseudomonas isolates, which was previously suggested to underlie the ability of different bacteria to affect C. elegans physiological processes such as development, growth, aging, and longevity [11] . We considered that increased resistance to BT infection may contribute to the observed increased fitness of infected worms on natural microbiota isolates. We thus challenged C. elegans N2 worms on the respective Pseudomonas isolates with pathogenic BT247 at different concentrations and assessed survival 24 h post infection (p.i.) as proxy for resistance. We found that worms on all tested Pseudomonas isolates showed significantly increased survival when compared to infected worms on E. coli OP50 ( Figure 1C ). Taken together, these results show that C. elegans microbiota isolates of the genus Pseudomonas provide paramount protection from infection with B. thuringiensis MYBT247. In previous work, the Pseudomonas isolates MYb11, MYb187, and MYb193 have been reported to inhibit fungal growth in vitro [1] . Importantly, MYb11 protected the nematode from infection by the fungal pathogen Drechmeria coniospora also in vivo through a hitherto unknown mechanism [1] . Our work thus extends our knowledge on the protective effect of MYb11 to bacterial infection in the intestine.
It was previously shown that P. mendocina, which is a member of laboratory-established C. elegans microbiota, protects the worm against infection with pathogenic P. aeruginosa PA14 [12] . While P. aeruginosa PA14 is not a natural C. elegans pathogen, it is one of the most extensively studied C. elegans pathogens [13, 14] . To investigate if the protection conferred by the Pseudomonas isolates is specific against infection with the Gram-positive pathogen B. thuringiensis or rather is a generic protection against a broader range of pathogens, we assessed survival of worms grown on the respective microbiota isolates or on E. coli OP50 from the L1 stage and infected with the Gram-negative P. aeruginosa PA14 at the L4 stage. We observed prolonged survival for worms on all six Pseudomonas isolates tested ( Figures 1E-1J ). This indicates that the Pseudomonas microbiota isolates confer resistance to PA14 infection, in addition to BT247 infection.
MYb11, MYb12, MYb115, MYb185, MYb187, and MYb193 confer resistance to Gram-positive, as well as Gram-negative, bacterial pathogens. This broader protective effect might be based on activation of general C. elegans defense responses. The aforementioned P. mendocina protects C. elegans against infection with PA14 likely through activation of p38 MAPK signaling [12] , an innate immune signaling pathway central for C. elegans defense against several different pathogens [13] . However, apart from this one example, the mechanisms by which the C. elegans microbiota protects the worm from pathogen infection are completely unknown. Intestinal microbiota can confer protection against intestinal pathogens in two ways: through indirect activation of the host immune response or through direct microbe-microbe competition [3, 15, 16] . In a first step toward exploring the molecular mechanism underlying the observed microbiota-mediated protection, we tested whether the protective effects require alive bacteria and assessed worm survival after BT247 infection in the presence of both alive and heat-inactivated microbiota isolates MYb11, MYb12, and MYb115, which strongly and consistently protected C. elegans from B. thuringiensis infection. Worms on heat-inactivated MYb11, MYb12, and MYb115 showed significantly decreased survival compared to worms on alive microbiota isolates (Figure 1D) , indicating that bacterial metabolic activity is required for the protective effect.
We then asked whether the protective effect is provided through direct microbe-microbe antagonism-i.e., if the Pseudomonas isolates directly inhibit pathogen growth. To answer this question, we first tested the effect of cell-free supernatant of the six Pseudomonas isolates (MYb11, MYb12, MYb115, MYb185, MYb187, and MYb193) on pathogen growth in a disc-diffusion assay in vitro. While the supernatant of MYb11 and MYb12 strongly inhibited growth of B. thuringiensis BT247, supernatant of the other protective Pseudomonas isolates did not have an effect on B. thuringiensis growth (Figure 2A ). In contrast, none of the Pseudomonas isolates inhibited growth of P. aeruginosa PA14 ( Figure 2B ). We are currently investigating how Pseudomonas microbiota isolates protect the worm from PA14 infection. Here, we focused on MYb11 and MYb12, the only Pseudomonas isolates showing antagonistic properties against BT247. When we investigated the range of antagonistic activity of MYb11 and MYb12 supernatant on several Gram-positive and Gram-negative bacteria, we found that growth of all tested B. thuringiensis strains and growth of Staphylococcus aureus SA113 was strongly inhibited (Figures S2A-S2D ). In contrast, MYb11 and MYb12 supernatant did not inhibit growth of the Gram-positive natural isolates Leucobacter tardus MYb258 and Rhodococcus erythropolis MYb53 or any of the tested Gram-negative bacteria ( Figures S2A-S2D ). Taken together, our results suggest that the two P. lurida isolates MYb11 and MYb12 have antagonistic capacities and directly inhibit the growth of B. thuringiensis through the production of bacteriostatic and/or bactericidal compounds. In contrast, the other Pseudomonas isolates might protect the nematode from BT247 infection through distinct mechanisms.
To further explore the potentially distinct mechanisms underlying the observed microbiota-mediated protection from BT247 infection, we subsequently focused on the microbiota isolates MYb11, MYb12, and MYb115. All three consistently protected C. elegans from BT247 infection, while only MYb11 and MYb12 inhibited B. thuringiensis growth in vitro. Next, we investigated if MYb11, MYb12, and MYb115 inhibit growth of B. thuringiensis in vivo and thus infected C. elegans with BT247 mixed with MYb11, MYb12, MYb115, or E. coli OP50.
We assessed pathogen load 24 h p.i. by counting colony-forming (E-J) Survival of C. elegans N2 on pathogenic P. aeruginosa PA14 grown on any of the six Pseudomonas isolates, (E) MYb11, (F) MYb12, (G) MYb115, (H) MYb185, (I) MYb187, and (J) MYb193. Kaplan-Meier analysis was followed by log-rank test [9] and Bonferroni correction [10] . The graphs are based on pooled data of three independent runs, each with four technical replicates with at least 30 worms per plate and treatment condition. Worms were grown from L1 stage on the subsequent microbiota isolate and infected at the L4 stage on slow-killing PA14 plates. Alive worms were transformed daily to fresh PA14 infection plates. p values are considered significant and denoted with asterisks according to *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S1 . units (CFUs). We observed that pathogen load was clearly decreased in infected worms on MYb11 and MYb12, but not in worms on MYb115, when compared to worms on E. coli OP50 ( Figure 2C ). These results suggest that MYb11 and MYb12 control pathogen load in vivo, while MYb115 protects the worm from pathogenic impact without directly reducing pathogen load.
Worms on the Pseudomonas isolates MYb11, MYb12, and MYb115 show clearly increased fitness and resistance to B. thuringiensis infection. While MYb11 and MYb12 seem to protect worms through directly inhibiting pathogen growth, worms on MYb115 are protected despite a high pathogen burden. Accordingly, MYb115 might provide protection by limiting pathogen-induced damage to the intestinal epithelium. We thus asked whether the damage caused by B. thuringiensis infection is reduced in worms on MYb115, as well as on MYb11 and MYb12. B. thuringiensis produces spores that are associated with pore-forming toxins called Cry toxins [17, 18] . The damage caused by these toxins can lead to loss of intestinal barrier function. To assess the severity of the damage caused by infection, we measured C. elegans intestinal barrier function using the ''smurf'' assay [19] , in which worms are exposed to blue dye. As long as intestinal barrier function is intact, the blue dye is contained in the intestine of worms. If intestinal integrity is disrupted, the dye leaks into the body cavity. We observed that the blue dye was indeed contained in the intestine of uninfected worms (Figure 3A , 3C, 3E, and 3G), while it leaked into the body cavity in control worms infected with BT247, thus displaying the smurf phenotype (arrows in Figure 3H ). Notably, B. thuringiensisinduced disruption of intestinal barrier function was significantly reduced in BT247 infected worms on the Pseudomonas isolates MYb11, MYb12, and MYb115 ( Figure 3B , 3D, 3F, and 3I). Together, our results indicate that MYb11 and MYb12 protect the host through direct antagonism, while MYb115 helps the host to cope with the infection despite a high pathogen burden. We are currently investigating if the effect of MYb115 is mediated by an indirect mechanism-i.e., through reinforcement of intestinal barriers, increased damage repair, or activation of other defense responses. However, we cannot exclude that MYb115 has a direct effect on the Cry toxins released by the BT spores-e.g., by degradation of the toxins-as was previously shown for a protease secreted by the probiotic B. clausii that inhibits the toxic effects of B. cereus toxins in a cytotoxicity assay using mammalian cell lines [20] .
To identify the putative bacteriostatic and/or bactericidal compounds produced by MYb11 and MYb12, we analyzed extracts from bacterial cultures using ultra-performance liquid chromatography (UPLC) coupled with high-resolution mass (A and B) Growth inhibition of (A) B. thuringiensis BT247 and (B) P. aeruginosa PA14 by cell-free supernatant of the six Pseudomonas microbiota isolates, E. coli OP50, or a respective antibiotic as positive control measured as diameter of inhibition zone (mm) in a disc diffusion assay. The data points represent the mean diameter of three technical replicates of three independent runs (n = 3). The boxplots indicate the median, range, and upper and lower quartiles of the data. The diameters are standardized by subtracting the 6 mm diameter of the disc from the overall diameter measured. The inlay in (A) is a representative image of the disc diffusion assay showing that supernatant of MYb11 and MYb12 inhibit growth of BT247 in contrast to the TSB medium control. Student's t test against the OP50 control, followed by Bonferroni correction, was performed [8] .
(C) Colonization of C. elegans intestine by BT247 in the presence of the Pseudomonas isolates MYb11, MYb12, and MYb115 or the E.coli OP50 control. Pathogen load was measured in a CFU assay. L4 larvae were exposed to BT247 mixed with the respective microbiota isolate or E. coli OP50 for 24 h. The boxplots indicate the median, range, and upper and lower quartiles of five technical replicates (n = 5). These data are representative of at least three independent runs. p values are considered significant and denoted with asterisks according to *p % 0.05, **p % 0.01, ***p % 0.001. See also Figure S2 .
spectrometry (HRMS). In parallel, we used antiSMASH to search for known biosynthetic gene clusters (BGCs) [21] in the genomes of MYb11 and MYb12. Both methods lead to the discovery of viscosin (m/z 1126.68 [M+H] + ; RT 12.1 min) and the viscosin BGC [22] , respectively. To confirm that this compound is indeed active against the pathogens BT247 and BT679, we fractionated the extracts of MYb11 and MYb12 using preparative highperformance liquid chromatography (HPLC) and tested each fraction against both pathogens (Figure 4 ). We could show that the active compound against the two pathogens was not viscosin but instead massetolide E (m/z 1112.66 [M+H + ]; RT 11.9 min) (Figures 4 and S3) . Massetolide E is a viscosin derivative that contains a valine residue instead of the Leu/Ile residue ( Figure S4) .
Massetolide E and viscosin are cyclic lipopeptide biosurfactants of the viscosin group synthesized by nonribosomal peptide synthetases (NRPSs) in Pseudomonas spp. isolated from soil-and plant-associated environments, as well as marine habitats [4, 5] . Massetolides and viscosin lipopeptides are known to have both antifungal and antibacterial activities, preferentially against Gram-positive bacteria [4, 5, 23, 24] , which is in line with the protective effect of MYb11 and MYb12 against fungi [1] and the Gram-positive B. thuringiensis (this study). Interestingly, B. subtilis, which is not a member of the C. elegans natural microbiota but has been used to study host-microbe interactions in the worm, was reported to protect the worm from Gram-positive pathogens through fengycin-mediated microbial antagonism [25] . Fengycins are also cyclic lipopeptides that are produced by Bacillus spp [5] and were recently shown to inhibit S. aureus quorum sensing, which in turn was shown to be crucial for intestinal colonization by S. aureus in mice [26] . Interestingly, while the fengycin-mediated inhibitory effect was clearly linked to interference with quorum sensing, the Bacillus isolates investigated by Piewngam et al. only show a minor growth inhibitory effect on S. aureus [26] . This is in contrast to the strong growth inhibitory effect we observed for MYb11 and MYb12 supernatant on S. aureus ( Figures S2A, S2B , and S2D) and might suggest that the mechanisms of bacterial growth inhibition between fengycin and massetolide E are distinct. These and our findings thus emphasize the relevance of bacterial lipopeptide production for competitive interactions with coexisting bacteria. Furthermore, the findings reported here broaden our understanding of bacteria-derived compounds that might directly influence bacterial pathogen colonization in the animal gut. The mechanism of massetolide E-mediated pathogen growth inhibition has yet to be defined.
Our results indicate that direct microbial antagonism is important for the protective effect mediated by MYb11 and MYb12 observed in the context of BT247 infection. But interestingly, Tran et al. provide evidence of a cyclic lipopeptide of the viscosin group (massetolide A) stimulating defense responses in plants, thus potentially indirectly activating the host immune response: when the roots of the tomato plant were treated with massetolide A, the leaves showed enhanced resistance to infection with the oomycete P. infestans [27] . As massetolide E produced by MYb11 and MYb12 seems to have no activity against Gram-negative bacteria, yet MYb11 and MYb12 also protected worms from infection by PA14, protection against PA14 infection might be mediated through indirect mechanisms. Whether The boxplots indicate the median, range, and upper and lower quartiles of the data. Student's pairwise t test and Bonferroni-based adjustment were used to correct for multiple testing with the OP50 control treatment group [8] . These data are representative of two independent runs. p values are considered significant and denoted with asterisks according to: *p % 0.05, **p % 0.01, ***p % 0.001.
MYb11 and MYb12 can also protect C. elegans from pathogen infection through an indirect mechanism and if massetolide E contributes to this effect remains to be determined.
Conclusion
We identify a defined function for members of the native microbiota of the model nematode C. elegans: our work suggests that three microbiota isolates of the P. fluorescens species complex protect the worm against infection with the natural C. elegans pathogen B. thuringiensis through distinct mechanisms. The two isolates MYb11 and MYb12 directly inhibit pathogen growth, likely through the production of massetolide E, a cyclic lipopeptide of the viscosin group. In contrast, the isolate MYb115 limits pathogen-induced damage without inhibiting pathogen growth, likely through an indirect, host-defense-dependent mechanism. These findings provide novel insights into the function of the native microbiota of the model nematode C. elegans, highlighting the role of microbes in supporting the worm immune response. Moreover, the identification of massetolide E broadens our understanding of microbiota-derived compounds that might directly influence pathogen colonization in the animal gut. Thus, our study strengthens the potential of C. elegans as a model for the identification of immune-protective mechanisms, which is key for the development of microbiota-based therapeutic strategies.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Nematode strains and maintenance Maintenance of C. elegans strains Caenorhabditis elegans N2 strain and C. elegans MY316 strain were grown and maintained on nematode growth media (NGM) seeded with the Escherichia coli strain OP50 at 20 C. The NGM-OP50 lawn was prepared by streaking E. coli OP50 from a frozen stock onto Tryptic Soy Agar (TSA) plates, followed by an overnight incubation at 37 C. A single fresh colony was then picked, inoculated in Tryptic Soy Broth (TSB), and grown overnight in a shaker-incubator at 37 C. 500 ml of the culture was seeded on NGM plates and stored at 20 C until use [29] . Synchronization of C. elegans populations Worm populations were synchronized by bleaching prior to each experiment: Worms were grown on NGM-OP50 plates. Plates with gravid hermaphrodites and eggs were washed with M9 buffer, and bleached using alkaline hypochlorite solution (1ml of 5M NaOH and 1ml of NaClO 12% bleach), followed by multiple washes with M9 buffer. L1s were allowed to hatch in M9 buffer overnight at 20 C. Next, L1 larvae were transferred to fresh NGM-OP50 plates, and incubated at 20 C. Fourth instar larval (L4) stage hermaphrodite nematodes were used in all infection assays (described in detail below). One day adult hermaphrodite nematodes were used for the intestinal barrier function assay (described in detail below).
Bacterial strains and maintenance C. elegans microbiota isolates and E. coli OP50 Natural C. elegans microbiota isolates from Northern Germany, originating from the C. elegans wild isolate MY316 or its substrate, were used [1] . The natural microbiota isolates and the E. coli OP50 control were grown on TSA plates at 25 C and cultured in TSB in a shaker-incubator overnight at 28 C. Bacillus thuringiensis strains Spore-enriched cultures of Bacillus thuringiensis strains (MYBT247, MYBT679, and MYBT407) were obtained following a protocol established by Borgonie et al. [30] with some modifications as described in detail in the following: B. thuringiensis (BT) strains were thawed from frozen stocks and streaked onto Luria-Bertani (LB) plates, followed by an overnight incubation at 25 C. A sterile pipette tip was used to scrape off bacteria from the plate and ejected into LB medium for an overnight incubation at 28 C. 1 mL of overnight B. thuringiensis culture was then transferred into 1000 mL of sterile BT medium (Bacto-peptone (Sigma) (7.5 g/l), glucose 39 mM) ) and 1250 ml of CaCl 2 (1M). Cultures were incubated in a shaker-incubator at 120 rpm and 28 C for seven days. On day 4 of incubation 5 mL of salt solution and 1250 ml of 1M CaCl 2 was again added to the culture medium.The spore-crystal solution was harvested by centrifugation of the culture in 50 mL Falcon tubes (SARSTEDT) at 3000 rpm for 10 min. The pelleted particles were resuspended in Phosphate Buffered Saline (PBS), and the number of particles were counted using the Neubauer counting chamber method. The aliquots were stored in 1 mL tubes, at À20 C, with a concentration range of 10 9 -10 10 particles/mL for BT247 and BT679, and a concentration range of 10 3 -10 4 particles/mL for BT407. BT spore solution aliquots were freshly thawed before every infection experiment.
Pseudomonas aeruginosa PA14
The Pseudomonas aeruginosa PA14 strain was grown on LB Agar (LBA) plates and cultured overnight at 37 C in LB broth prior to the infection assay, which is described in detail below.
METHOD DETAILS Population growth assay
The population growth assay was used as a proxy to measure worm fitness by extrapolating the offspring produced by a single worm after two generations. Peptone-free medium (PFM) plates were used in all assays with BT to avoid the germination of spores on plates. PFM plates were seeded with a 500 ml-lawn a BT spore solution of BT407, BT247 or BT679 mixed with an overnight culture of each of the tested microbiota isolate, adjusted to an OD 600 of 10 with PBS. The concentration of the BT-microbiota mixes were 1:50 for the non-pathogenic control BT407 and a concentration of 1:200 for BT247 and BT679. The lawns were allowed to dry overnight at a temperature of 20 C. Three worms at the L4 stage were picked using a platinum wire onto the respective lawns, and incubated at 20 C for 5 days. The produced worm populations were then washed off the plates using 2 mL M9T (M9 buffer and 0.1% Triton) and frozen in 2 mL tubes at À20 C until counting of worms. The tubes were thawed and weighed prior to counting of worms, to correct for volumes lost during the washing procedure. From each tube a 10 ml aliquot was used to count the number of worms, and the average of three independent aliquot counts from each sample was used to extrapolate the offspring produced from an individual worm. A control treatment group with OP50 mixed with each of the three BT strains was included in every run. The population growth assay was repeated for at least three independent runs with each of the two worm strains N2 and MY316. All treatments were randomized by initiating random codes on plates, to prevent experimenter bias.
The protective effect of the microbiota isolates on the population growth was analyzed in triplicates using a linear model framework (GLM), where the population growth of the worms after 5 days was incorporated as the dependent variable and the microbiota isolates and the pathogen strains as fixed factors independently. The post hoc analysis was done using the Tukey test and Bonferroni based adjustment was used to correct for multiple comparison testing [8] .
Survival assay
Bacillus thuringiensis survival assay B. thuringiensis survival assays were done according to a standardized protocol [31] . Accordingly, 6 cm PFM plates were inoculated with 75ml of each of the microbiota isolates or OP50, adjusted to OD 600 of 10, mixed with different dilutions (1:5, 1:10, 1:25, 1:50) of the BT247 spore solution. For the non-pathogenic BT407 control the highest dilution (1:5) was used, mixed with each of the microbiota isolates or OP50. The plates were left to dry overnight at 20 C. On the infection day, 30 L4 nematodes were placed on each of the previously randomized plates, followed by incubation at 20 C. Worms were assessed as alive or dead using gentle touching with a sterile platinum wire. Alive and dead worms were counted 24h post-infection. Escaped worms were censored. For experiments with heat-inactivated bacteria, overnight cultures of the bacteria, prepared as described above, were adjusted to an OD 600 of 10, and afterward were heat-inactivated by incubation at 80 C for a duration of 2h. All BT survival assays were done in at least three independent runs with four technical replicates per treatment group in each run. We used GLM analysis to evaluate the effects of the microbiota isolates on the survival of worms when challenged with each of the BTs across the concentration range of each of the different BT strains, using worm survival as dependent variable and each of the microbiota isolates and the BT concentration as fixed factors. The post hoc analysis was done using the Tukey test and corrections for multiple comparison testing with the OP50 control treatment group were done by Bonferroni based adjustment. Pseudomonas aeruginosa survival assay P. aeruginosa PA14 survival assay were done following the protocol described in Kirienko et al. [32] with minor modifications, as described in the following: Worms were bleached and maintained on the respective microbiota or OP50 lawn from the L1 stage until the L4 stage, as described above. Then worms were washed off with M9 and 30 worms were transferred to each slow killing infection (SK) plate that were inoculated with 10 ml of overnight culture of either PA14 or OP50, followed by a 24 h incubation at 37 C and another 24 h incubation at 25 C. SK plates are enriched NGM plates (containing 0.35% instead of 0.25% peptone), which ensure efficient ''slow killing'' of worms [14] .
Alive and dead worms were scored every 24 h, while the surviving worms were transferred to new SK plates. Survival assays were performed in at least three independent runs with four technical replicates per treatment group in each run. The data of the runs were pooled and analyzed by Kaplan-Meier and log rank test, and corrected for multiple testing with Bonferroni, using the platform RStudio (Version1.0.153).
Pathogen load assay
Pathogen load assay was done by counting BT247 colony forming units (CFUs) as follows: Worms were grown on NGM-OP50 plates until the L4 stage and then exposed to each of the microbiota isolates or E. coli OP50 at an OD 600 of 10 mixed with BT247 spores at a concentration of 1:25. 24h post-infection ten adult worms were placed into tubes containing M9 buffer and 25 mM Tetramisole (TM buffer) using a hair picker. The supernatant was removed and the worms were washed twice with TMG buffer containing gentamicin (100 mg/mL) in TM buffer, and twice with M9 buffer. The last M9 washing buffer was transferred to another tube to serve as a washing control. Finally, 100 mL of PBST (PBS with 1% Triton X-100) was added to the tubes containing the worms. Sterile zirconia beads (1 mm in diameter) were then added to the tubes containing both the worms and the control supernatant and the samples were homogenized using the GenoGrinder200. The resulting suspension was serially diluted (10 À1 -10 À6 ) with PBS and plated on TSA plates, for the subsequent growing and counting of BT colonies, after an incubation at 25 C for 24-48h. The CFU score of the washing control was subtracted from the CFU score of the worm samples and divided by the number of worms recorded in the last washing step. The experiment was done in three independent runs with six technical replicates each. Students pairwise t test followed by Bonferroni correction for multiple testing was performed [8] . Results were considered significant when P-value % 0.05. All treatments were randomized initiating random codes on plates and tubes, to prevent experimenter bias.
Disc diffusion assay
Kirby-Bauer disk diffusion method was performed in accordance with the guidelines of the Clinical and Laboratory Standards Institute (CLSI) and with the following modifications. Microbiota isolates, E. coli OP50 and BT247 or PA14 were grown in TSB in a shaker incubator overnight at 28 C. The bacterial suspensions were adjusted to an OD 600 of 10 with PBS. Culture supernatants were filtered with a 0.2-micron filter (SARSTEDT) to obtain cell-free supernatants. Mueller Hinton agar plates (9 cm in diameter) having a depth of 4mm of the medium were inoculated with each of the three BTs or PA14, using a cotton swab to evenly distribute the inoculums on the plate. Sterile Whatman (6mm in diameter) discs (GE healthcare) were inoculated with 15ml of the microbiota isolates' or E. coli OP50 filtered supernatant and placed on each of the BT or PA14 inoculated plates. 15 ml ampicillin (50 mg/mL) was used as positive control for BT and 15 ml gentamicin (20 mg/mL) was used as positive control for PA14. The plates were incubated for 48 h at 25 C. Images of each plate were taken using the ChemiDocTouch Imaging system (GelDoc Camera, BioRAD) and analyzed with subsequent Image lab software (Version 5.2.1). Zones of inhibition were measured with ImageJ (1.50e, NIH, USA). The assays were performed in at least three independent runs for each pathogen, with three technical replicates for each treatment group in each run.
The effects of MYb11 and MYb12 non-filtered supernatants on growth of six Gram-positive and 5 Gram-negative bacteria ( Figure S2 ) was tested as described above. The bacterial suspensions were adjusted to an OD 600 of 1 with PBS. TSB was used as negative control.
Student's t test was used to evaluate the differences in means of the diameter of the zones of inhibition produced in the three runs (each run having three technical replicates), in comparison to the control OP50 treatment group. A Bonferroni based adjustment was used to correct for multiple comparison testing with the control. All treatments were randomized initiating random codes on plates, to prevent experimenter bias.
Intestinal barrier function assay Nematodes were raised and infected as described in the pathogen load assay above and treated according to a published protocol by Gelino et al. [19] as described in detail in the following: Worms were washed off the infection plates with 5 mL S buffer (NaCl (100 mM), K 2 HPO 4 (6.5 mM), and KH 2 PO 4 (43.5 mM)) 24 h post-infection and suspended in a liquid suspension (1:1) of S buffer mixed with blue food dye (Erioglaucine disodium salt, Sigma-Aldrich, 5.0% wt/vol in water) for 3 h.
Animals were then washed three times with S buffer, centrifuged at 3500 rpm for 1 min, and 20 ml of the pellet was mounted on microscopic slides padded with 2% Agarose. 10 ml Sodium azide (20 mM) was added to paralyze the worms. The worms were visually analyzed for the presence and/or the absence of leaked blue dye outside the intestinal lumen and throughout the body cavity using a Leica dissecting microscope (LEICA M205 FA). The percentage of ''smurf'' worms was calculated per treatment, each plate containing at least 30 worms. The assay was performed in two independent runs with four technical replicates each. Student's pairwise t test and Bonferroni based adjustment was used to correct for multiple testing with the OP50 control treatment group. All treatment groups were randomized to avoid observer bias.
Genomic analyses
MYb11 and MYb12 sequences are available from NCBI GenBank, Bioproject PRJNA400855. antiSMASH [28] was used to search for known biosynthetic gene clusters (BGCs) in both genomes.
UPLC-high resolution mass spectrometry
The Ultra performance liquid chromatography high resolution mass spectrometry (UPLC-HRMS) analyses were performed with an UltiMate 3000 system (Thermo Fisher) coupled to an Impact II qToF mass spectrometer (Bruker) as described previously [33] . ACN with 0.1% formic acid in H 2 O was used as solvent. The flow rate was set at 0.4 mL min -1 with a gradient from 5% ACN to 95% ACN over 15 min. The mass spectrometer was calibrated using 10 mM sodium formate before data acquisition. The MS method used for data acquisition also included an internal calibrant window before the data acquisition of each biological sample where 10 mM sodium formate were injected. The internal calibrant was used by Bruker DataAnalysis to correct the acquired mass data. The following MS settings were used for data acquisition: source settings: capillary voltage 4500 V, nebulizer nitrogen gas pressure 3 bar, ion source temperature 200 C, dry gas flow 8 L min -1 ; scan settings: ion polarity positive, mass range 90 to 1500, spectra rate 3 Hz; tune parameters: transfer funnel 1 RF 300 Vpp, funnel 2 RF 300 Vpp, isCID off, hexapole RF 60 Vpp; stepping settings: (i) 0 ms, collision RF 500, transfer time 82.5 ms, collision energy 65%; (ii) 25 ms, collision RF 500, transfer time 82.5 ms, collision energy 85%; (iii) 45 ms, collision RF 500, transfer time 82.5 ms, collision energy 100%; (iv) 75 ms, collision RF 500, transfer time 82.5 ms, collision energy 130%; MS/MS settings: 8 precursor ions, threshold 1000 counts (absolute), activated active exclusion after 3 spectra and 0.5 min release time, active precursor reconsidering factor 4, smart exclusion 2 times.
Preparative high-performance liquid chromatography Methanolic XAD-16 extracts from 1 L cultures of MYb11 and MYb12 in M9 medium were used for fractionation. Preparative highperformance liquid chromatography (HPLC) was performed using an Agilent LC 1260 Infinity II Preparative LC/MSD System with an Agilent prep C18 column (10 mm, 30 3 250 mm) with a flow of 40 mL/min and a gradient from 5% to 100% ACN in 18 min. The ACN concentration remained at 100% for 3 min (MYb11) or 5,5 min (MYb12), respectively. 13 and 14 0.8 min-fractions were collected over time from 1,5 min to the end of the respective run. The fractions were dried and stored at À20 C. 50 mg of each fraction were used in disc diffusion assays as described above.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were done using RStudio (Version1.0.153) and SPSS Statistics (Version 24.0). Inkscape was used for the graphical illustrations. When applicable normality of the data was examined using quantile plots and the Shapiro-Wilk normality test. Levene's test was used to inquire about the homogeneity of the variance, and proceed with the appropriate test accordingly. All pairwise comparisons were followed with Bonferroni correction for multiple testing. The detailed statistical tests used for each experiment are mentioned in the figure legends and in the method details section above, and included in the supplementary file. Significance was determined when the P-value % 0.05. To avoid experimenter bias, we initiated random number codes for the treatments, incubated samples in a spatially randomized manner and evaluated the samples in a randomized order to minimize the influence of random environmental effects and observer bias.
DATA AND SOFTWARE AVAILABILITY
All analyses were performed with SPSS Statistics (Version 24.0) or RStudio (Version1.0.153) as indicated in the specific experiment sections. Graphs were plotted using the ggplot function in R, and edited in Inkscape (Version 0.92). All raw data and statistical analyses are available on Mendeley: https://data.mendeley.com/datasets/3464534ccd/draft?a=482aa37c-2ebd-4990-9b14-69383fafea3a. All custom R scripts for analyses are available upon request.
